Background: The aerobic biodegradation potential of benzotriazole (BTri), 4-, and 5-tolyltriazole (4-TTri, 5-TTri) by activated sludge communities (ASC), taken from three wastewater treatment plants (WWTP): a membrane bioreactor (MBR-MH), a conventional activated sludge plant (CAS-E) with intermittent nitrification/denitrification, and a CAS-plant (CAS-M) with a two-stage activated sludge treatment, is evaluated.
Background
The xenobiotic compounds benzotriazole (BTri), 5-tolyltriazole (5-TTri), and 4-tolyltriazole (4-TTri) are polar micropollutants commonly used as corrosion inhibitors. 4-and 5-TTri are commercially available as tolyltriazole mixture (TTri) that is widely used in metal finishing and as corrosion protection in cooling systems [1, 2] . Among other applications, these three benzotriazole species are mainly used as anticorrosives in aircraft deicing or breaking fluids [3] , in household dishwashing detergents for silver protection [4] , and as UV stabilizers [5, 6] . Due to an annual production volume of around 9,000 tons in the USA and probably a much higher global production [7, 8] , their widespread usage, high polarity (logP 1.26 and 1.78 for BTri and TTri, respectively), high water solubility, and poor biodegradability, these compounds occur in nearly all aquatic compartments [9] [10] [11] [12] . This includes ground water with up to 1,548 ng/L (all three compounds) [13] , river systems with up to 7,997 ng/L for BTri, and 19,396 ng/L for TTri [14] , and the North Sea (up to 40 ng/L, all three benzotriazoles) [15, 16] . Highest concentrations of 128 and 198 mg/L for BTri and TTri, respectively, were detected at a perched water monitoring well at an international airport [17] . Concentrations above 40 mg/L for BTri and 6 mg/L for 5-TTri show toxic effects in Microtox® tests (Vibrio fischeri light emission as toxicity test system, Azur Environmental, Oceanside, CA, USA) and other organisms [18] [19] [20] . Thus, benzotriazoles might exhibit detrimental effects on aquatic systems [21] . However, due to their high efficiency in protecting metal surfaces from corrosion, their low costs, and a general low toxicity, these chemicals are frequently used in industrial and household applications [7, 22] . As wastewater treatment plants (WWTP) are incapable of completely removing these compounds during the treatment process [6, [23] [24] [25] , WWTP effluents constitute a major point source for benzotriazoles in the receiving rivers. Several workgroups reported different removal efficiencies in conventional WWTP ranging from 13% to 62% for BTri, 11% to 74% for 5-TTri, and far less for 4-TTri [26] [27] [28] [29] . At laboratory conditions, biological removal of BTri is also incomplete while one study with 5-TTri showed its biodegradation under aerobic conditions within 91 days [9] . Reported half-lives of BTri and 5-TTri with 114 and 14 days [9] , respectively, are not applicable in WWTP where hydraulic retention times (HRT) are often below 15 h during biological treatment [9] . Therefore, these three compounds are ubiquitous in river water across Europe receiving WWTP effluents [14] .
This study aimed to evaluate the biodegradation capacity of activated sludge communities (ASC) regarding three benzotriazoles. Three ASC were taken from three WWTP with different treatment regimes, i.e., a membrane bioreactor (MBR-MH), and two conventional activated sludge (CAS) treatment plants, and tested for their ability to aerobically biodegrade different benzotriazoles at different concentrations. In addition, larger-scale setups (10 L), supplied with low concentrations (≤1.0 mg/L) of benzotriazoles, were performed to evaluate the degree of biodegradation with respect to benzotriazole concentration. Furthermore, fluorescence in situ hybridization (FISH) was applied to characterize the ASC structure and to identify the bacterial groups most likely contributing to benzotriazole biodegradation.
Results and discussion
Biodegradation of BTri, 4-TTri, and 5-TTri under aerobic conditions Small-scale setups All controls showed that the benzotriazoles BTri, 4-TTri, and 5-TTri were stable under sterile and abiotic conditions, showing that removal in the experimental setups was due to biodegradation. All three ASC were able to biodegrade BTri under aerobic conditions. However, differences in biodegradation pattern, biodegradation rate (mg/L day −1 ), and incubation time were observed. Different organisms and/or differences in the ASC composition might affect biodegradation of BTri (see Table 1 ). All ASC started with a lag phase of 7 days. BTri was removed in 21 days in ASC from MBR-MH, while the other two ASC needed 42 and 49 days for CAS-E and CAS-M, respectively. Biodegradation in the ASC did not follow a mathematical model, as proposed by [9] , and thus is difficult to describe. Assuming that biodegradation would follow an almost linear removal, biodegradation rates of 0.52 mg/L day −1 for CAS-E, 0.70 mg/L day −1 for CAS-M, and 1.00 mg/L day −1 for MBR-MH were achieved. Such different rates might be due to the composition of the sludge communities. It might also be that sludge age affected biodegradation as it was shown that this is a crucial factor for the biodegradation of problematic substances [29] .
In addition, an acclimation effect was observed for BTri, leading to a rapid elimination after acclimation (49 days) of the ASC. To elucidate this effect, 10 mg/L BTri were supplied to the same sludge again that already eliminated BTri. Due to acclimation, all ASC from MBR-MH, CAS-E, and CAS-M eliminated BTri in 7 days. The organisms, responsible for the biodegradation, might require a certain time to adapt to high BTri concentrations. This result shows that once adapted, the ASC might be able to degrade even higher BTri concentrations than the ones applied here. The removal capacity of ASC might be enhanced for BTri biodegradation by means of acclimation. BTri, present at × 1,000 lower (i.e., μg/L) concentrations in WWTP could be efficiently removed by such an acclimated ASC.
In contrast to BTri, biodegradation of 4-TTri and 5-TTri showed a completely different behavior. 5-TTri was biodegraded in all tested ASC in around 7 days to a concentration below the detection limit, not requiring acclimation, while 4-TTri was refractory (Figure 1 ). After 49 days, 4-TTri was still present at the initial concentration, regardless the ASC. This result is in agreement with literature data where 4-TTri was reported to be quite stable during wastewater treatment and characterized by poor removal [8, 26, 30] . Regarding 5-TTri, acclimation as observed for BTri was not found as it was already degraded in the first week. Additionally, transformation of 5-TTri into either BTri or 4-TTri, as suggested by [9] , was not found in the ASC. As 5-TTri was already degraded in 7 days, biodegradation rates were assumed with 4.50 mg/L day
(CAS-E), and 1.90 mg/L day −1 (MBR-MH). Biodegradation rates might thus only depend on the amount of 5-TTri initially present. It seems likely that the biodegradation capacity of the sludge communities was not fully reached. After supplying TTri again, a similar behavior was observed: 5-TTri was biodegraded in 7 days while 4-TTri remained unchanged (Table 2) .
It might be that the shift of one methyl group to the next adjacent carbon atom makes 5-TTri, in contrast to 4-TTri, a readily biodegradable substance. This effect fits the reported behavior in WWTP [9, 27] . Why the position of the methyl group has such a dramatic influence on biodegradation is still unknown and topic to further research. Steric hindrance of the enzyme(s) catalyzing degradation of 4-TTri might play a role. Enzymes are known for discriminating substrates due to different substitution patterns [31] [32] [33] [34] . As 4-and 5-TTri are constitutional isomers, it seems likely that the position of the methyl group effects enzymatic biodegradability.
A third supply of 10 mg/L TTri and BTri at day 77 was performed to test whether 4-TTri might require a longer incubation to be removed. In this batch phase, no sampling or peptone addition was performed. Such conditions created a nutrient shortage as BTri, 5-TTri, and peptone were presumably consumed within the first 7 days. As the only remaining nutrient source was 4-TTri, the organisms should be forced to metabolize this compound in order to avoid starvation. However, even after 105 days of incubation, 4-TTri was not removed ( Figure 2 ). As already shown, BTri and 5-TTri were Figure 1 Biodegradation behavior of aerobic 4-and 5-TTri. Aerobic 5-TTri biodegradation behavior in the three ASC (initial concentration is given in Table 2 ). Shown are mean values of 5-TTri concentrations of duplicate experiments with error bars indicating standard deviations (n = 2). Aerobic 4-TTri biodegradation behavior in the three ASC (initial concentration is given in Table 2 ). Shown are mean values of 4-TTri concentrations of duplicate experiments. MBR, membrane bioreactor; CAS, conventional activated sludge treatment. completely removed again. These findings confirm the following biodegradation order: 5-TTri, BTri, and 4-TTri that was refractory during the experiment.
Larger-scale setups
To evaluate the biodegradation behavior of the ASC in the presence of lower and thus environmentally more relevant benzotriazole concentrations of 1 mg/L BTri and TTri respectively, further experiments were conducted with larger-scale setups (10 L). As all small-scale setups biodegraded BTri and 5-TTri, for the following experiments, only ASC from CAS-M was used. All three benzotriazoles, i.e., BTri, 4-TTri, and 5-TTri, were stable under sterile and abiotic conditions. Neither sorption to activated sludge nor volatilization occurred, thus the benzotriazoles were removed by biodegradation. The benzotriazole measurements of the larger-scale setups showed that BTri and 5-TTri were removed by the aerobic ASC within 7 days of incubation ( Figure 3 ). This is significantly faster compared to the small-scale setups were BTri was removed within 49 days without acclimation in ASC from CAS-M. This slow removal in the small-scale setups might be attributed to possible toxic effects due to the high initial concentration of 34 mg/L (Table 2), as concentrations above 40 mg/L were already shown to be detrimental [18] .
In contrast to BTri, the biodegradation of 5-TTri was faster, since after 4 days more than 96% were already removed and 5-TTri might presumably be degraded on day 5. As in the small-scale setups, the first measurement was performed on day 7 were already 5-TTri was degraded, more measurements were performed during the larger-scale setups to evaluate the 5-TTri biodegradation pattern: after a short lag phase (day 0 to day 2) almost all 5-TTri was removed within the following 2 days. Therefore, 5-TTri biodegradation in the ASC was seemingly not affected by the supplied concentration as the removal in the small-scale setups was comparably as fast as in the larger-scale setups although the concentration was around 60 times higher. No effects attributed to toxicity, as observed with BTri, occurred whereas concentrations above 6 mg/L already showed toxic effects for Vibrio fisheri [18] .
4-TTri, as already observed in the small-scale setups, was refractory during the experiment. This is in accordance with literature data where 4-TTri was also found to be almost stable during wastewater treatment [8, 26, 30] . Thus, the degradation behavior of 4-TTri might not depend on the used concentrations (Table 2 ) but more likely on the molecular structure of the compound itself.
Assessing the ASC structure by fluorescence in situ hybridization
FISH with group-specific rRNA-targeted oligonucleotide probes was applied to characterize the composition of the ASC in the inoculum and setups 1 to 4 without prior isolation and/or cultivation. The aim was to gain information about diversity and consistence of the ASC and to identify microorganisms important for benzotriazole biodegradation. For this purpose, six different specific probes were used (Table 3) targeting the dominant bacterial groups important for wastewater treatment [35] [36] [37] . The signal intensities obtained with all rRNAtargeted oligonucleotide probes were strong indicating high cellular rRNA contents. FISH analysis of the inoculum revealed that the Proteobacteria and Actinobacteria were the most frequently detected bacterial groups occurring in categories between 3 and 5 ( Figure 4 ). In the group of Proteobacteria, the Betaproteobacteria were the most dominant ones in the activated sludge (category 5), followed by the Alphaproteobacteria (category 4), and, to a lesser extent, by the Gammaproteobacteria (category 3). The groups Firmicutes and Bacteroidetes played only a minor role in the ASC. These findings are in accordance with previous investigations [43, 44] where the alpha and gamma subclasses of Proteobacteria were only detected in low amounts in CAS-M [44] .
At the end of the experiment, where all four setups were analyzed by FISH, the Betaproteobacteria dominated the activated sludge closely followed by the Alphaproteobacteria. In contrast to the inoculum, the amount of Gammaproteobacteria was far less and also the abundance of the Actinobacteria significantly decreased. Thus, three major shifts within the ASC were observed during incubation. The abundance of Actinobacteria dropped by almost four category units compared to the inoculum while the abundance of the Gammaproteobacteria significantly decreased from category 3 to below 1. Finally, also the dominant Betaproteobacteria decreased from category 5 to below 4.
As all three shifts in the ASC occurred within the negative controls (setups 1 and 2) and the benzotriazole supplied setups 3 and 4, they might be associated to the applied conditions rather than benzotriazole addition. The supplied specific nutrients (100 mg/L carbon and 30 mg/L nitrogen) might not be sufficient for a large variety of microorganisms, especially for the Actinobacteria, were the applied conditions were detrimental as observed in significantly reduced abundance.
Generally, the abundance was highest in the inoculum but also the Alphaproteobacteria remained almost stable concerning the abundance of bacteria. In this group, the bacterial abundance in the benzotriazole supplied setups was even higher compared to the negative control setups, indicating that members of this group might contribute to benzotriazole biodegradation. Also, the group Betaproteobacteria might be associated with benzotriazole biodegradation as this group was, even at the end of the experiment, still the dominant one.
Conclusions
Activated sludge communities (ASC) collected from three wastewater treatment plants with different treatment regimes, were capable of eliminating BTri and 5-TTri under aerobic, mesophilic conditions in small-scale and larger-scale setups. Biodegradation was fastest for 5-TTri, regardless the supplied concentration ranging from 0.53 to 31.20 mg/L, followed by BTri, that was well removed at a concentration of 1.03 mg/L while possible toxic effects negatively influenced its biodegradation at high concentrations. 4-TTri was refractory throughout the experiment and was not removed even after 105 days of incubation, regardless the supplied concentration. Additional experiments, using FISH technique to analyze the ASC structure, showed that the two groups Alphaand Betaproteobacteria most likely are involved in the biodegradation of BTri and 5-TTri. 
Methods

Chemicals
1-H-benzotriazole (BTri; CAS 95-14-7), 4-tolyltriazole (4-TTri; CAS 29878-31-7), and 5-tolyltriazole (5-TTri; CAS 136-85-6), known as tolyltriazole (TTri; CAS 29385-43-1), were provided by Cimachem GmbH (Kirchheimbolanden, Germany). The internal standard 5,6-dimethyl-benzotriazole used for GC-MS/MS, sodium carbonate solution, and toluol were purchased from Sigma-Aldrich (Steinheim, Germany). All other media components were obtained from Merck KGaA (Darmstadt, Germany). High-purity water was prepared by a Milli-Q system (Millipore, Billerica, MA, USA).
Activated sludge sampling
ASC samples (500 mL, collected in glass bottles) for inoculation were taken from the aeration tanks of the respective WWTP as described elsewhere [45] : From MBR-MH, a WWTP using membrane filtration, from CAS-M with two-stage activated sludge treatment, and from CAS-E, a conventional activated sludge (CAS) plant with intermittent nitrification/denitrification. All AS samples were taken as mixed liquor grab samples during aeration to ensure optimal mixing of the sludge. For inoculation of the laboratory reactors, the ASC were centrifuged (10 min, 4,000 × g), the supernatants discarded, and the remaining biomass was washed with 1× PBS buffer (NaCl 8.0 g/L, KCl 0.2 g/L, Na 2 HPO 4 2.7 g/L, KH 2 PO 4 0.2 g/L). The procedure was repeated twice to remove wastewater residues and nutrients.
Experimental setups
Two separate setups were performed: (A) Small-scale setups (500 mL) and (B) larger-scale setups (10 L).
To evaluate the biodegradation potentials of the three activated sludge communities, separate setups were performed. Small-scale setups: To ensure high activity and proper growth of the organisms and to mimic wastewater nutrient conditions, 70 mg/L peptone was supplied at the start of the experiment and after each sampling. Setups were performed in 500-mL glass Erlenmeyer flasks with air-permeable aluminum caps filled with 150 mL of the following sterile media: a modified mineral salt media Larger-scale setups: Inoculation was performed with ASC from WWTP CAS-M only. BTri, 4-TTri, and 5-TTri were analyzed separately to investigate different biodegradation patterns. To test the influence of specific nutrients on biodegradation of benzotriazoles, the following nutrients were supplied at the beginning of the experiment and after each sampling: sodium acetate*3 H 2 O (0.567 g/L), NH 4 NO 3 (0.086 g/L), and NH 4 Cl (0.057 g/L). Larger-scale setups were prepared in the same way as the small ones in 10-L plastic bottles (PE).
All media were spiked with BTri and TTri at varying concentrations according to Table 2 .
All setups were run in duplicate and inoculated with the ASC of one of the three WWTP (small-scale setups) and with ASC from CAS-M (larger-scale setups) to 4 and 2 g/L mixed liquor suspended solids (MLSS), respectively.
Control setups, fed alike the experimental ones, were performed for (A) abiotic control without ASC and (B) sterile control with two-times autoclaved ASC. These controls were used to investigate abiotic effects. Aerobic conditions were ensured using an orbital shaker at 120 rpm (small-scale setups) while larger-scale setups were continuously stirred. All experiments were carried out in the dark at 20°C (±2°C). This temperature was sufficient for the activity of the organisms as the temperature was 14°C when the ASC were collected. The pH was controlled around 7.
Dosage regime and sampling
Small-scale setups The experiment lasted for 105 days. Firstly, different amounts of benzotriazoles were supplied depending on the used sludge (Table 2) . After BTri and 5-TTri were degraded, another 20 mg/L BTri/TTri were supplied. Ten-milliliter samples were taken once a week from the setups after a 1-h sedimentation period to reduce the amount of biomass withdrawn with the supernatant. Samples were prepared as described in 'sample preparation' section.
Larger-scale setups Experiment was carried out over a 22-day period. The experimental setups (setups 3 and 4, Figure 3 ) were spiked with a maximum of 1 mg/L BTri and TTri, respectively (exact values in Table 3 ) and sampled twice a week by withdrawing 60 mL from the setups as described above. Setups 1 and 2 ( Figure 3 ) served as controls (no benzotriazole supply) to evaluate whether the benzotriazoles affected the ASC.
Sample preparation and chemical analyses
Samples obtained from the setups were centrifuged (10 min, 8,000 × g, 20°C) to remove cellular debris and biomass, filled into glass bottles, and stored in the dark at −20°C before analysis.
Determination of the benzotriazoles' concentrations in the samples was performed according to [9, 45] with a detection limit of 0.01 μg/L.
Blanks with the same values of the analytes were analyzed for possible contaminations of the experimental samples and for the accuracy of the method. The total error of the method amounted to 15%.
Fluorescence in situ hybridization
For detecting changes in the ASC in the larger-scale setups 1 to 4, the ASC used as inoculum was initially analyzed (day 0) as well as the ASC from setups 1 to 4 and at the end of the experiment (day 22) by applying FISH. Table 3 shows the sequences and formamide concentrations of all used rRNA-targeted oligonucleotides. The probes (Eurofins MWG Operon, Ebersberg, Germany) were labeled at the 5′end with the fluorescent dye indocarbocyanine (Cy3). All steps, i.e., cell fixation by paraformaldehyde and ethanol, staining with 4′,6′diamidino-2-phenylindole (DAPI), the drying and washing procedure, were performed according to [46] . Microscopic analyses were performed with an Axioplan epifluorescence microscope (Carl Zeiss, Jena, Germany) to detect hybridized and DAPI stained cells. Positive hybridized cells were quantified using class indexes as described elsewhere [47] , with category 0, denoting the lack of specific signals and category 5 the excessive occurrence thereof.
